Antiferromagnets (AFs) are remarkable magnetically ordered materials that due to the absence of a net magnetic moment do not generate dipolar fields and are insensitive to external magnetic field perturbations. However, it has been notoriously difficult to control antiferromagnetic moments by any practical means suitable for device applications. This has left AFs over their hundred years history 1 virtually unexploited and only poorly explored, in striking contrast to the thousands of years of fascination and utility of ferromagnetism.
transfer from the linear momentum to the spin angular momentum under the applied writing current. 9 The complete absence of electromagnets or reference permanent magnets in this most advanced physical scheme for writing in ferromagnetic spintronics has served as the key for introducing the new physical concept 2 for the efficient control of magnetic moments in AFs that underpins our work.
In their simplest form, compensated AFs have north poles of half of the microscopic atomic moments pointing in one direction and the other half in the opposite direction.
This makes the external magnetic field inefficient for switching magnetic moments in AFs.
Instead, our devices rely on the recently dicovered special form of the relativistic spin torque. 2, 3 When driving a macroscopic electrical current through certain antiferromagnetic crystals whose magnetic atoms occupy inversion-partner lattice sites (e.g. in AF CuMnAs or Mn 2 Au), a local relativistic field is generated which points in the opposite direction on magnetic atoms with opposite magnetic moments. The staggered relativistic field is then as efficient in switching the AF as a conventional uniform magnetic field in switching a ferromagnet. This reverses the traditionally skeptical perception of the utility of AFs in microelectronics. Simultaneously, AFs offer a unique combination of radiation and magnetic field hardness, internal spin dynamics frequency-scales reaching THz, and the absence of dipolar magnetic fields. This opens new avenues for spintronics research and applications, [10] [11] [12] [13] including the realization of solid state memories we focus on in this work. 
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The cell input and output signals can be sent at ambient conditions using a printed circuit board containing the antiferromagnetic memory chip and other standard components and connected to a personal computer via a USB interface (Fig. 1b) We now proceed to exploring in detail the dependencies of the readout signals on the writing characteristics, namely on the pulse length and amplitude, on the number of pulses and duty cycle. Since our study covers a broad range of parameters we performed the experiments using laboratory electrical pulse generators or high frequency set-ups equipped with rf cables and the AF devices mounted on specially designed co-planar waveguide with rf access.
In and wet etching) also show the deterministic multi-level characteristics as the 2 µm cells (cf. Fig. 1 ). For the 2 µm cells, much high current densities can be applied which allowed us to scale the writing pulse length from milliseconds 3 down to nanoseconds while keeping the mΩ level of the readout signal, as illustrated in Fig. 2d . Remarkably, increasing the current density by only a factor of 4 in the 2 µm cell was sufficient for enhancing the signal per pulse length ratio by six orders of magnitude (see Fig. 2b ) desired for observing the nanosecond-pulse switching.
We note that the elementary design of our CuMnAs bit cell leaves still a room for a significant downscaling of its size which is necessary for advancing to the picosecond limit of switching times accessible in AFs. 18 Electrical pulses of this ultra-short length have to be, however, triggered optically which is beyond the scope of the present work. Instead, we focus in the remaining paragraphs on the multi-level bit cell characteristics when written by trains of pulses with the individual pulse length varied from milliseconds to microseconds. The results, summarized in Figs. 3a-d, were obtained using the following measurement protocol:
Before each train of pulses (with writing current lines along the [100] direction), the cell was reset to the same initial state. The maximum length of the pulse train, including all pulses and delays between pulses, was set to 100 ms and readout was performed 5 s after the last pulse in the train. The current density was fixed at 2.7×10 7 Acm −2 .
In Fig. 3a we compare the dependencies of the readout signal on the number of pulses for different individual pulse lengths. The dependencies are highly reproducible as indicated by error bars obtained from repeated measurements for each pulse train. The antiferromagnetic bit cell acts as a counter of pulses whose number can be in hundreds. The separation of the readout signals for different numbers of pulses, i.e. the accuracy of the pulse counting, increases with increasing individual pulse length and can reach a single-pulse resolution.
The duty cycle was fixed in all measurements shown in Fig. 3a to 0.025. In Fig. 3b we show that for a given individual pulse length, the duty cycle (delay between pulses) can be varied over a broad range without affecting the readout signal of the counter.
In Figs. 3c,d we plot the readout signal dependence on the integrated pulse time, i.e., on the number of pulses multiplied by the individual pulse length. Over a broad range of individual pulse lengths, the dependencies fall onto a universal curve making the antiferromagnetic memory cell a detector of the integrated pulse time, as shown in Fig. 3c . The universal trend breaks down for individual pulse lengths smaller than ≈ 50 µs. As already indicated by the comparison between larger and smaller cells in Fig. 2b , heating assists the spin-orbit torque switching in our devices which can also explain the trends seen in Fig. 3c .
By a direct measurement of the heating during the pulse we observe that in the 2 µm cells the heating saturates at pulse lengths exceeding 10's of µs. For these longer pulses, switching occurs at the saturated temperature which results in the universal dependence of the readout signal on the integrated pulse time. For shorter pulses, the temperature during switching does not reach saturation and the heating decreases with decreasing pulse length which results in the lower readout signal. We note that in all measurements the temperature during switching stays at least 100 degrees below the CuMnAs Néel temparture (T N = 480 K) 19 .
An accurate detection of the integrated pulse time is feasible for 10's of pulses in our measurements, as shown in Fig. 3d . For pulse numbers exceeding 100's, the readout signal at a given integrated pulse time drops down from the universal trend because of the non- 
METHODS

CuMnAs growth
The CuMnAs film of 60 nm thickness was grown on GaP(001) by molecular beam epitaxy at a substrate temperature of 300 • C. X-ray diffraction measurements showed that the film has the tetragonal Cu 2 Sb structure (space group P4/nmm). 
Lithography
Microfabrication of our CuMnAs cross-shape cells was done using electron beam lithography and reactive ion etching. We used metal masks prepared by lift-off method directly on the surface of CuMnAs films to define the pattern and protect CuMnAs layer during the reactive ion etching step. We have developed fabrication recipes enabling us to control the degree of oxidation of the CuMnAs surface below contact pads that is necessary to control the overall resistance of the devices.
USB printed circuit board
The electronic board for operating the antiferromagnetic memory cell is powered by a Step Readout signal count Readout signal (mΩ)
Step 2 μm, 13×10 7 Acm -2 , 3ns 
